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Abstract
The case of a rotating object traveling through viscous fluid appears in many phenomena like the
banana ball and missile movement. In this work, we build a model to predict the trajectory of such
rotating objects with near-cylinder geometry. The analytical expression of Magnus force is given
and a wind tunnel experiment is carried out, which shows the Magnus force is well proportional
to the product of angular velocity and centroid velocity. The trajectory prediction is consistent
with the trajectory record experiment of Magnus glider, which implies the validity and robustness
of this model.
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I. INTRODUCTION
Magnus force was first described by G. T. Walker in 1671 when observing tennis ball [1].
In 1742, B. Robins explained the deviation of the trajectories of musket balls by the Magnus
effect [2, 3]. Magnus force occurs when rotating objects travel through the air with an angle
between the axis of rotation and the flight velocity[4–6]. Magnus force is perpendicular to the
rotating axis and the flight direction, while its magnitude is decided by the movement and
geometry of the body and properties of the fluid such as viscous coefficient and density. H. G.
Magnus ascribed the asymmetrical transverse force to the pressure difference performing on
the surface of the object produced by Bernoulli effect because the rotation brings additional
velocity at the edge [7, 8].
The Magnus effect changes the trajectory of rotating objects in the air, which is important
in many fields like sports competition and ballistic problems [9]. In ballistics, people usually
force the shell and missile spinning to stabilize them. Thus it is essential to involve Magnus
force. In sports, Magnus effect causes some dramatic movement such as the banana ball
and slice. Although this phenomenon has been noticed and studied for a long time, precise
predictions for particular processes can be hardly made, which is ascribed to the complexity
of mathematical formulation and solution [10–13]. Nevertheless, in some simple cases the
Magnus effect of rotating objects was investigated theoretically and experimentally, like the
two-dimensional cylinder[1, 10, 13] and three-dimensional sphere[4, 14, 15].
The trajectory prediction of spinning object is hardly reported. In this paper, we build
a trajectory prediction model based on the kinematic behavior of Magnus glider, then test
it with a wind tunnel.
The rest of the paper is organized as follows. In Sec. II we theoretically analyze the
origin of Magnus force and develop a model to give the equation of motion for Magnus
glider under approximation. In Sec. III, a wind tunnel is built to measure the Magnus force,
and the trajectory of Magnus glider is recorded. Furthermore we give trajectory prediction
and compare it with the experiment result. Finally we conclude in Sec. IV.
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II. THEORETICAL MODEL FOR MAGNUS GLIDER
A. Origin of Magnus Force
In this section, we analyze the origin of Magnus Force. Considering the system in the
instantaneous inertial frame of the glider. In this case, the glider is rotating while fluid
flowing around it, shown in Fig. 1.
Consider a long cylinder (L  R) rotating in a perfect fluid with angular velocity ω
and centroid velocity V . In the center-of-mass frame of the cylinder, the cylinder will only
have angular velocity in the fluid flow. The equation of fluid dynamics can be solved under
irrotational and incompressible condition. For a long cylinder, translation symmetry along
axes z is approximately preserved which simplify the equations to two-dimensional case.
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FIG. 1. Schematic graph of fluid field around cylinder.
The velocity potential φ (r, θ) satisfy the Laplacian Equation (1).
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We denote the circulation around the cylinder as Γ, also consider the r →∞ asymptotic
case, we have (2)
lim
r→∞
φ(r, θ) = −V r cos θ + C , lim
r→R
∮
~v · d~l = lim
r→R
∮
∂φ
∂θ
dθ = Γ (2)
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The solution of φ(r, θ) (4) can be obtained from (1) and (2).
φ(r, θ) = V (1 +
R
r2
)r cos θ − Γ
2pi
θ (3)
Magnus force, which is the projection of fluid force on the y direction, can be calculated
from velocity potential. In the x direction of Fig. 1 , centroid speed on both sides are the
same. Magnus force is given by Euler formula (4):
∫
τ
∂
∂t
(ρV )dτ +
∫
s
ρvrV ds = −
∫
s
p sin θds+
∫
τ
ρfydτ − FMag. (4)
The first term of left hand side of (4) can be ignored since the fluid field is a approximately
static field in our situation. Besides, there is no momentum transfer across the surface r = R
since the fluid cannot enter the cylinder. By substituting vr = ∂φ/∂r = V
(
1− R2
r2
)
cos θ
and vθ = (1 +R
2/r2) sin θ − Γ/2pir to (4), Magnus force on y direction can be simplified
as (5).
Fmag. = −ρV ΓL = −2piαR2ωρV L (5)
(5) shows that Magnus force is proportional to the circulation of fluid, which depends on
a lot of conditions such as material properties and geometry of Magnus glider.
Now we introduce a phenomenal simplification to conduct analytical results: Suppose
the change of fluid velocity near the cylinder surface is proportional to rotating velocity of
the cylinder with coefficient α, thus the velocity change is α ·ωR (See in Fig. 1). Substitute
this to (2) and we get the circulation Γ = 2piαR2ω.
B. Equation of Motion for Magnus Glider
FIG. 2. Geometry of Magnus glider, consisting two truncated-cone paper cups. R1, R2 denote the
outer and inner radius of the cup, while L denotes the height of the truncated cone.
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The Magnus glider consists of two truncated-cone paper cups, shown in Fig. 2. Since it is
not strictly a cylinder, we need to make a correction in our equation to reflect the geometry
deviation. By integral over the surface (do not contain the inner side) of Magnus glider, the
Magnus force (6) is obtained.
FMag. = 2
∫ L
0
∆P · r · dl
∫ pi
0
sin θdθ =
4
3
αρV ωl
(
R21 +R1R2 +R
2
2
)
(6)
On the other hand, the fluid resistance generally has the form ~f = −γ~v, where γ is the
coefficient of resistance.
The dynamic evolution of a Magnus glider can be predicted under different initial condi-
tions since all the three dominant forces, Magnus, viscous and gravity force, are obtained.
III. EXPERIMENT TEST WITH MAGNUS GLIDER
A. Measurement of Magnus Force
(a)Apparatus Setup (b)Details for Spinning
Cylinder
(c)Force
Measurement
FIG. 3. Sketch of wind tunnel experiment. The length of the cylinder wind tunnel is 2m, and the
diameter of its open surface circle is 34cm. The apparatus is placed on the steady ground. (a)
shows the basic structure of wind tunnel experiment. We use an electric fan and a long plastic pipe
to produce a wide range of stable wind field. The Magnus glider locates on the nozzle of the pipe
and is linked with a motor to make it rotating along its central axis. By measuring the change of
supportive force N in (c), we can get the magnitude of Magnus force.
To figure out the relation between Magnus force and kinematic parameters, or more
explicitly to get the value of drag coefficient , a small wind tunnel was built (see Fig. 3).
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Relations between Magnus force fMag. , rotation speed of Magnus glider ω and centroid
speed V were investigated and shown in Fig. 4 and Fig. 5.
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FIG. 4. Magnitude of Magnus force vs rotation speed ω under different wind speed V . Different
lines represent different wind speed through the tunnel.
1.0 1.5 2.0 2.5
vwind(ms
−1)
0.00
0.02
0.04
0.06
0.08
0.10
0.12
f m
a
g.
(N
)
145. 9s−1
173. 6s−1
196. 5s−1
210. 3s−1
219. 3s−1
FIG. 5. Magnitude of Magnus force vs wind speed V under different rotating speed ω. Different
lines represent different angular velocity of spinning cup.
Fig. 6 shows the magnitude of Magnus force versus the product of rotation speed and
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wind speed. It shows a linear relation with the correlation coefficient r = 0.957, which is
consistent with the theoretical model result (5).
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FIG. 6. Magnitude of Magnus force vs the product of rotation speed ω and wind speed Vf . The
linear correlation coefficient r = 0.957, showing the FMag. basically be proportional to Vf × ω.
Using data from the wind tunnel in Fig. 6, we can get the parameter α by the formula
(7)
α =
3F
4ωvρl (R21 +R1R2 +R
2
2)
(7)
Substituting ρ = 1.206kg/m3 and g = 9.80m/s2, we get α = 0.1207. From the experiment
we notice the system only has slight dragging.
B. Capture for Motion of Magnus glider
After we get some knowledge of origin of Magnus force, in principle it is not difficult
to test our theory with the real motion of Magnus glider. To get the information of the
movement of glider, we did the Magnus glider emission experiment in Fig. 7. A fixed video
camera with 24fps to record the motion, and from the video we can extract the position
data of Magnus gliders motion.
The movement can be basically divided into three parts (see in Fig. 8). In part I, the
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FIG. 7. Magnus emission experiment: a video camera with 24fps (Frame per Second) is fixed to
record the whole period of motion. Notice that the plane of trajectory of Magnus glider is parallel
to the wall behind it.
glider accelerates because of the tension of rubber band. In part II, the glider moves toward
the highest point with deceleration. In part III, the glider moves uniformly before landing.
From Fig. 8, it can be clearly seen that the latest part of the movement of Magnus glider
is a smooth uniform movement. In this part, the gravity, fluid resistance and Magnus force
balance with each other.
C. Trajectory Prediction
Using our model, we can fully predict the evolution of the Magnus glider‘s position. Here
we show two cases to demonstrate the prediction ability of our theory. In case 1 (Fig. 8), the
parameters of the Magnus glider are R1 = 7.3cm , R2 = 5.2cm, L = 8.3cm, m = 9.1g. The
trajectory data is recorded by a high-speed video camera (240fps) . The rotation speed is
ω = 26.7 · 2pi rad/s, and the launch speed of the Magnus glider is V = 2.01m/s (extracted
from the motion video). The relative change of rotating speed in moving process is less that
10%. We can calculate the Reynold number Re = ρV D
µ
of the fluid around the surface of
Magnus glider.
Substitute the parameters into the expression : ρ = 1.206kg/m3, V = 2.01m/s, D =
8
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FIG. 8. (Case 1) Trajectory of Magnus glider. Green line is the theoretical prediction by our
model. The launch angle is 5◦ to the horizontal.
15cm and µ = 3.52105Pa · s, we have Re = 1.033 × 104. This Re is already near the value
usually seen in turbulent fluid, however later we will see that in Magnus glider case the
lamniar flow model still works very well under this Re.
In case 1, with a relatively flat catapult, the Magnus glider goes up and velocity de-
creases rapidly. Then it reaches the highest point and finally moves with a constant velocity
downward. The results are shown in Fig. 8.
In the case 2 (Fig. 9), the geometrical and material parameters of Magnus glider remains
the same with the case 1, with V = 2.823m/s and ω = 30.1 · 2pi rad/s. The main difference
with case 1 is that we set the launch angle to be 45◦ up the horizontal. From the result we
can see the trajectory of Magnus glider form a loop when it goes up. After that, it remains
a constant speed and moved the same as in case 1.
Generally speaking, the theoretical curve fits well with our experiment result, which
shows that our model correctly describes the main parameters which decide the dynamical
evolution of Magnus glider. The approximations we made hugely simplify the equations
and enable us the ability to make the analytical prediction, while it also leads to a minor
deviation of the trajectory in Fig. 8. We ascribe this deviation to following reason: the
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FIG. 9. (Case 2) Trajectory of Magnus glider. Green line is the theoretical prediction by our
model. The launch angle is 45◦ to the horizontal.
approximation of our model fail in the area near the y-direction peak of trajectory (mainly
in part II in Fig. 8). In part II, the Magnus glider‘s velocity V is relatively small, while it still
has a considerable rotating speed ω. So for the further study, in this part we could consider
modifying the model in part II. Since the deviation is rather small, we can safely say that
our result reveals the general laws of the motion of Magnus glider, which is controlled by
gravity, Magnus force and the fluid resistance.
IV. CONCLUSION
In this work, we analytically constructed a model for rotating objects in viscous fluid
based on the kinematics of Magnus glider, and experimentally studied Magnus force using a
wind tunnel. The analytical results show that the Magnus force in this system is proportional
to the product of centroid velocity V and angular velocity ω. The dragging coefficient α
is obtained through the wind tunnel experiment. The analytical prediction is consistent
with experiments, as α applied well in the prediction of Magnus glider‘s actual trajectory.
Our work provides a framework for analyzing the generic rotating objects with near-cylinder
geometry.
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